Electronic-structure calculations on neutral and cationic Mg n clusters (n < 8) have been carried out in order to study the structures and properties of a potential intermediate RMgn'
Introduction
The Grignard reagent, RMgX, have a long history of study 1 " 13 . Yet some points remain obscure. There is a general agreement that the mechanism of Grignard reagent formation involves, at least partly, the intermediacy of radicals 2 · 14 " 22 . The intervention of these radicals is hinted at by the alkyl group isomerization 23 observed during the reaction between magnesium metal and 6-bromohexene in diethyl ether, by CIDNP studies 17 · 20 · 24 , by the nature of the by-products 14 , and by spin trapping experiments 23 .
It has been suggested (Scheme 1) that single electron transfer (SET) occurs from the magnesium surface (Mg) to the alkyl halide (RX) to form the alkyl halide radical anion (RX*~ ), which rapidly dissociates to form the radical alkyl ( R * ) and the halide anion (X ). Then X would immediately combine with the electron-deficient magnesium surface (Mg*+) to form surface-bound magnesious halide radical ( MgX' ) 25 .
a loosely associated alkyl radical-magnesious halide intermediate in which R * loses its stereochemistry. The loose radical pair then could form either the racemic Grignard reagent (path 5) or by-products (paths 6 and 7). The stereochemical fate of various radicals has been investigated recently and the leading parameters are getting better and better understood 38 .
Finally, the loose radical pair could alternatively be formed directly from RX (path 2) when it is adsorbed onto the magnesium surface.
Walborsky proposed that the tendency of RX to form a tight radical pair (path 1) rather than a loose radical pair (path 2) is function of the strength of the carbon-halogen bond (CI > Br > I) 39 . The stronger bond would lead to a more important participation of path (1). This, however, does not fit with theoretical calculations on the stability of uneven bonds 40 . Indeed the shorter lived radical anion would be, within Clark's perspective, the one formed from RCI because the difference of electronegativity between C and CI is higher than that between C and I.
The succession steps (1) + (4) corresponds to an oxidative addition of the alkyl halide on atoms of magnesium embedded in the metallic surface. The study of oxidative addition involving transition metal complexes has shown, for some complexes, the coexistence of mechanisms centered on paramagnetic intermediates and of mechanisms involving only diamagnetic intermediates or transition states
Four years ago, we published the results of the addition of selected inhibitors in the 48 reaction between an alkyl halide and active magnesium obtained by vaporization of metal . For all the selected inhibitors, the inhibition of the Grignard reagent formation was shown by the total absence of consumption of the alkyl halide. One year later, we showed that the ratio cyclized / uncyclized product obtained in the reaction between the endo-5-(2'-haloethyl)-2-norbornene and 49 vaporized magnesium was dependent on the carbon-halogen bond and also on the ratio Mg /RX .
The highly reactive form of magnesium and the catalytic quantities of inhibitors used in the reaction led us to propose the participation of a chain pathway as new perspective in the formation of the Grignard reagent.
The linear dependence of the cyclized / uncyclized product ratio on the amount of magnesium suggests an intermediate RMgO n (n = number of Mg atom) in one of the possible chain Vol. 22, No. 3, 1999 The average size was 32 Ä, which represent clusters with about 380 atoms.
In order to study the structure and properties of our postulated intermediate, RMg(') n (n = number of Mg atom), we calculated various clusters of magnesium using density functional theory ( DFT ) 53, 54 In this Part 1, we will report the different energies (total, atomization, ionization, fragmentation) of the studied clusters in order to find how the properties of magnesium clusters vary with η (n = number of Mg atoms) and how these properties are modified when an alkyl radical interacts with these clusters. We selected the smallest radical alkyl (CH3 ") to make the calculations easier.
In the Part 2, we will study the conditions to favor the Grignard reagent formation.
Results and Discussion
The calculations have been performed within the linear combination of Gaussian type orbitals-density functional formalism (LCGTO-DF) 53 Our results show that all density functional calculations overbind the Mg dimer (too short calculated bond length with respect to the experimental value). This overestimation is less important than the ones obtained from different density functional formalisms: Kumar et al. 65 , Reuse et al. 66 or Gong et al. 67 found, respectively, bond lengths of 3. The Mg3 structures have been determined with a C2ν symmetry. The symmetry axis goes through the atom 1 and the middle of the 2-3 bond for the Mg3T cluster and just through the atom 1 for the Mg3C cluster. The lowest-energy state that we obtain for Mg3 is an equilateral triangle. The Mg3 chain has a atomization energy of 0.158 eV lower than the equilateral triangle. Thus, the bond length of the Mg3T cluster are 0.02 A shorter than those of the Mg3C cluster. This bond length difference has repercussions on the bond orders. Thus the clusters seem to favor the maximum coordination number.
The cationic cluster bonds are reinforced (see also the important increase of the bond order) when an electron is removed from the neutral cluster. This result indicates that the cationic clusters are more stable than the parent neutral clusters and that it shoud be more difficult to transfer the atoms from the metallic surface to the solution under the Mg + form provided that solvation terms do not reverse this trend. The ionization energies indicate that the less stable neutral cluster (Mg3C) is a better reducing agent than the more stable structure Mg3T.
This trend holds true also for larger clusters. The symmetry used for the Mg4T cluster was C3V with its axis going through atom 1 and the center of the 2-3-4 triangle. The symmetry of the Mg4S cluster was D4h with its axis going through the center of the 1-2-3-4 square. We found that the lowest-energy structure for Mg4 is the regular tetrahedron (Mg4T). This structure is particularly stable in consideration of the high atomization energy (0.992 eV). For these clusters, the ionization of the neutral cluster reinforces also the cationic cluster bond, and again, the least stable neutral cluster (Mg4S) is the best reducing agent.
For Mg5, the two studied geometries are the square pyramid and the trigonal bipyramid. For both structures, we used respectively a C4V symmetry with the axis going through atom 1 and the center of the 2-3-4-5 squared base and a C3V symmetry with the axis going through atoms 1 and 2. After optimization, the structure with the highest atomization energy (1.252 eV) which represent the most stable cluster is the slightly elongated trigonal bipyramid. This trigonal bipyramid is also a obtain MgßCPB leads to a stabilization of the cluster (decreed the bond length and a strong increase of the atomization energy value (+ 1.056 eV)). Moreover, this cluster has a structure which becomes more compact than the MgsHCP. The fragment of the HCP structure is no longer the most stable cluster.
In terms of the reducing power, both structures are comparable. As for the previous clusters, the removal of an electron from the neutral cluster reinforces the bond strength in the cationic cluster.
The CH3Mg n ''' clusters (with η = 1 to 7), represented in the figures 4 and 5, have been obtained from the Mg n clusters with the most stable geometry except for the Mgz clusters which have very close atomization energies and were both studied. The CH 3 Mg^ cluster is just a reference value for the other clusters since this structure does not seem to exist. We report, in figures 4, 5 and 6, the calculated dissociation energies (Ed), ionization energies (Ei) and bond lengths of these clusters obtained after optimization, bond orders for the neutral and cationic clusters, HOMO and LUMO values and spin densities (SD) for each atom in the cluster.
The dissociation energy (Ed), in eV, which corresponds to the C-Mg breaking, is defined as :
Ed = Dissociation energy of the C^Mg^1' cluster E T (CH 3 ' ) =Total energy of the methyl radical E T (Mg n ) = Total energy of the Mg n cluster E T (CH 3 Mg n (')) = Total energy of the CH 3 Mg n <'> cluster η = Atom number of the Mg n cluster
This energy represents the stability of the C-Mg bond, and then, permits to know if the CH 3 Mg n (l)
clusters could have any existence. (1) The CH 3 MgO) cluster has been obtained by linking the methyl radical to the magnesium atom. The structure was optimized using a C3V symmetry ,.
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In spite of a weak dissociation energy (1.094 eV = 25.2 kcal / mol), the C-Mg bond could exist.
Indeed, we obtained a bond order of 0.90 for the C-Mg bond, indicative of a substantial bonding between the carbon and the magnesium (Bond length = 2.15Ä). We observe also that the ionization energy is 0.8 eV lower than that of the magnesium atom (Ei = 7.63 eV). This difference suggests that the CHsMgO cluster is abetter reducing agent than the magnesium-only clusters. This is confirmed by the CH3MgO HOMO which is 0.85 eV higher than the magnesium atom HOMO (HOMO energy value = 4.85 eV). Klabunde  70 ·  68 ·   71   had shown,however, that the magnesium atom itself is a bad reducing agent.The spin density values and the bond order of the cationic cluster show that the single electron is mainly localized around the magnesium atom and once this electron given, the C-Mg bond is reinforced.
For the CH3Mg2^ cluster, the calculations have been donewithout symmetry ; the lower energy structure is a cluster where the methyl group is bonding with just one magnesium atom. We will return to this point in part 2.
For the CHsMg^O cluster, we used a C3V symmetry with the C3 axis going through the C-Mg bond and the center of the 2-3-4 triangular base.
These two clusters display again substantial bond order of 0.85 and 0.88 for the C-Mg bond of CH3Mg2^ and CH3Mg4TO respectively, indicative of a bonding between the carbon and the magnesium which is equal to 2.14Ä for the former cluster and 2.13Ä for the second. The methyl attachment leads to the reinforcement of the Mg-Mg bond of the CH3Mg20 cluster and a deformation of the Mg4T tetrahedral structure where the bond lengths between the magnesium atom number 1 and the triangular basis are shortened whereas the triangular basis bond lengths are lengthened.
Both clusters are better reducing agents than the corresponding magnesium clusters non linked to a methyl radical. This result converges with our previous mechanistic hypothesis(scheme 4) of a greatest reducing ability for the CH3Mg n (') cluster with respect to magnesium itself.
In the CH3Mg5BTO cluster, two possibilities exist for the methyl attachment : (1) and (3) in which the magnesium atom 1 or 3 are linked. For the CHsMgsBTC) (1) cluster, the optimization was realized by using a C3ν symmetry with the axis going through the C-Mg bond and the magnesium atom 2. For the CHsMgsBTO (3) cluster, we used a Csxy symmetry with the xy plane including the atoms 3, 4, 5, the C-Mg bond and one of the three C-H bonds.
As in the two previous clusters with two or four magnesium atoms, good bond order values are found (respectively 0.86 and 0.84 for the (1) and the (3) clusters) for the C-Mg bond. The corresponding bond lengths are of 2.12 A for both clusters (1) and (3). The dissociation energies are higher than those of the previous clusters with one, two or four magnesium atoms. The dissociation energy of the (1) cluster is higher than that of the (3) cluster. The methyl bond seems to be favored on a magnesium atom with a smaller steric hindrance.
The methyl attachment has again an effect of reinforcement of the bonds between the magnesium atom bonding with the carbon atom and the others magnesium atoms.
Finally, the five magnesium atom clusters are both better reducing than all previous CH3Mg n 0) or than all the magnesium clusters without methyl group.
The CH3Mg7HCP(') cluster presents three possibilities of methyl linking. The three clusters CH 3 Mg 7 HCP( | )(l), CH 3 Mg7HCP(')(3) and CH3Mg7HCP(')(5) were optimized. A Csxz symmetry with the xz plane including the atoms 1, 2, 3, the C-Mg bond and one of the three C-H bonds was adopted for the clusters (1) and (3), whereas no symmetry element was retained for the cluster (5).
After the analysis of the first results, both clusters (1) and (3) were calculated without any symmetry element.
A deformation of the Mg7HCP structure characterizes the three clusters. This deformation was again materialized by modified bond lengths in addition in this case, a complete change in the geometry of the cluster (3) occured too. Indeed, after the first optimization, a high increase of the 3-6 and 3-7 bond lengths indicates a weakening of these bonds. The second optimization without Vol. 22, No. 3, 1999 Theoretical Investigations of the Mg n and RMg n Participation in the Mechanism symmetry inclusion led to the breaking of the 3-6 and 3-7 bonds to yield CH3Mg7PB(')(3). In this cluster, the HCP geometry is replaced by the pentagonal bipyramidal structure.
These results converge to show that the CH3Mg n C) clusters are stable enough to exist and are more reducing than the magnesium clusters themselves. The only exception is the CH3MgO species with just one magnesium atom. It seems to have a weak dissociation energy and a weak reducing power. This result does not disagree with the recent work of Topol et al. 72 . These authors have not detected CHsMgO by IR matrix isolation identification, in the products of reactions of CH3CI or CH3Br with Mg. Our theoretical calculations suggest also that the methyl group, once adsorbed on the magnesium cluster, does not yield CH3MgO and a magnesium cluster with n-1 magnesium atoms. Indeed, we find a reinforcement of the bonds between the magnesium atom bonding with the carbon atom and the others magnesium atoms. A mechanism like the Palm's one 73 " 76 where CHsMgO passes into solution and react with an other RX compound is conceivable only if the solvation of CHsMgO creates a stabilisation important enough to counterbalance the calculated reinforcement.
Conclusion
The main relevant conclusions extracted from these theoretical calculations are :
1. The stability of the Mg n clusters increases with increasing the magnesium number of atoms, and, for a given number of magnesium atoms, the least stable cluster is also the most reducing species. This could explain why the bulk, very stable structure for magnesium, is far less reactive than the vaporized magnesium.
2. The CH3Mg n 0) clusters seem to be stable enough to intervene as intermediates in the mechanism of Grignard reagent formation.
3. These clusters CH3Mg n (') are better reducing species than their homologous clusters Mg n (°) without methyl group. Hence, in the Grignard reagent formation, after the initiation step, the organic halide RX could receive more rapidly an electron from CH3Mg n C) than from the Mg n (°) clusters.
4. CH3Mg n C) clusters exhibit bond reinforcement effect between the magnesium atom bonding with the carbon atom and between connected magnesium atoms. This Mg-Mg bonds strengthening suggests that the corrosion of the metal does not involve a dissociation yielding CH 3 Mg(')and Mg n .i(°). 
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